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Abstract 
The present study investigates the fireside corrosion behavior of selected superheater materials, namely: T24, P92, 
VM12-SHC, A800HT, and 7RE10 under oxy-coal combustion atmospheres. Data on mass change, scale thickness, 
metal loss, surface morphology and micro-structural characteristics of corrosion products were obtained. The alloy 
specimens were analyzed by SEM-EDX, light microscopy and X-Ray diffraction techniques. The results after 
2000 hours of exposure at a metal surface temperature of 600 °C indicate that metal wastage increased with 
decreasing Cr-content under oxy-coal conditions. 
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1. Introduction 
Oxyfuel technology (also known as O2/CO2 combustion) is the method of firing where fuel is burnt 
with oxygen of high purity (about 99.95 vol%) instead of air as in the conventional method of firing. In 
the oxyfuel process, nitrogen is first separated from air through cryogenic distillation in an air separation 
unit (ASU) to obtain pure oxygen which is used in a mixture of O2 and recycled flue gas as the oxidant 
gas for combustion. The resulting flue gas mainly consists of CO2 and H2O. The water is condensed out 
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and the resulting high concentration of CO2 in the flue gas enables direct CO2 recovery [1]. With this 
method of firing, a negative (or zero) contribution of CO2 to the atmosphere is possible, if the emitted 
CO2 is captured and stored  Carbon Capture and Storage (CCS). For instance, the CO2 can be 
transported to suitable geological sites for long-term storage. 
However, oxy-coal combustion also leads to an increase in the concentrations of corrosive gases such 
as SO2 and SO3. Several studies have shown that the flue gas composition and ash chemistry change 
significantly in oxy coal combustion conditions compared to air combustion  oxy-coal yields high 
amounts of sulfates in the ash deposits than in air combustion [1, 2, 3]. These overall changes in gas and 
ash compositions can lead to an increased risk in fireside corrosion of vital plant components such as the 
heat exchanger materials (superheaters and reheaters). It is therefore important to investigate the effect of 
the increase in the concentration of corrosive products in oxy-coal atmospheres on the corrosion behavior 
of superheater materials. 
The present study examines the corrosion characteristics of five selected superheater alloys: T24, P92, 
VM12-SHC, Alloy 800HT and Sandvik 7RE10, under oxy coal combustion conditions for 2000 hours of 
exposure. The pre-corroded test specimens (100 hours of initial exposure under near realistic oxy-coal 
firing conditions) were exposed in a test tube furnace for another 1900 hours under the same oxyfuel 
atmosphere as in the initial corrosion test, at a metal surface temperature of 600 °C. The materials were 
then analyzed via optical microscopy (OM), scanning electron microscopy (SEM) together with energy 
dispersed x-ray spectroscopy (EDX), X-ray diffraction (XRD) as well as electron back-scattered 
diffraction (EBSD), to determine the morphology and micro-structural characteristics of the scale/oxides 
and products of corrosion. Thermodynamic modeling calculations (not presented in this paper) were also 
carried out in Fact study the thermodynamic properties of the oxy-coal flue gas and its 
interaction with the system. The result from mass change measurements and SEM analysis are presented 
here. 
 
Nomenclature 
 
A Area (cm2) 
Wf Final weight (g) 
Wo Initial weight (g) 
1.1. Fireside corrosion in coal-fired boilers 
High temperature fireside corrosion is a major problem in coal-fired boilers. Fireside metal wastage of 
superheaters and reheaters became a widespread problem in the 1940s with the increase of steam 
parameters to increase the overall thermal efficiency of coal power generation plants [4, 5]. As a result the 
steam conditions have been kept moderate over the last decades to reduce material damage from fireside 
corrosion. However, concerns to improve the thermal efficiency of power generation units to reduce 
carbon emissions have brought renewed interest to the topic.  
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1.1.1. Mechanisms of fireside corrosion 
 
Fireside corrosion is caused either by gas phase oxidation or liquid phase (coal ash) corrosion also 
known as hot temperature corrosion. Gas phase oxidation can be minimized by using materials that are 
resistant to oxidation while liquid phase deposit induced corrosion on the other hand poses serious 
problems due to its accelerated nature of attack resulting from a molten sulfate layer (between 593 to 
760 °C) [6, 7]. It is worth noting that this type of corrosion attack is different from low temperature 
pyrosulfates attack and high temperature (815 °C) gaseous attack [4]. The mechanisms involved in 
liquid phase deposit induced corrosion in the superheater/reheater region of coal fired boilers have been 
summarized as follows [8]: 
 
 Alkali sulfates containing deposits build on the leading side of the tubes as a result of an increasing 
temperature gradient. This causes the outer surfaces of the materials to become sticky, thereby 
capturing any fly ash particles in the flue gas. 
 Potassium sulfate and sodium sulfate concentrate on the section of the deposit with temperatures 
between 593 to 760 °C. 
 The thermal dissociation of sulfur compounds contained in the ash then follows as well as the catalysis 
of SO2 by Fe2O3 in the flue gas to produce SO3. It is the reaction of SO3 with such oxide and alkali 
sulfates in the deposits which leads to formation of molten alkali-iron tri-sulfates at the metal interface 
as shown in Equation 1: 
3)4SO(Fe3)KNa(23SO34SO2)KNa(33O2Fe   (1) 
 Finally, the molten alkali sulfates flux the protective oxide species (Cr, Ni, Mo, Fe) from the surface, 
thus leading to accelerated oxidation and sulfidation. 
2. Experimental procedure 
Five superheater alloys were selected for long-term exposure test. The material specimens (rings) 
received for the test were of varied ID and OD dimensions with wall thicknesses between 3.68  
4.20 mm. The compositions of the selected alloys are given in Table 1. Among those selected, 
Alloy800HT and 7RE10 are austenitic steels with high Cr and Ni  contents. VM12-SHC is a ferritic-
martensitic (9 - 12% Cr) steel with a scaling resistance of up to 650 °C and improved creep strength. P92 
falls in the category of creep strength enhanced ferritic (CSEF) steels with a Cr-content of 8.9 wt%. T24 
is a low Cr-alloy which is use as the reference material for comparison purposes for this study. The 
specimens were first introduced in a 400 kWth test boiler for 100 hours under near realistic oxy-coal 
combustion atmospheres to initiate corrosion. The flue gas composition and fly ash deposits from this test 
were obtained and used for the long term laboratory exposure test of 1900 hours. The materials were 
analyzed via microscopic techniques after the cumulative exposure sum of 2000 hours. 
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Table 1: Nominal composition (in wt%) of selected alloys for exposure test (in order of increasing Cr-content) 
Mat. 
Des. 
Mat. 
Nr. 
Operating 
Temp. Fe Cr Ni Mo Co Mn Cu Al Ti C 
T24 1.7378  Bal 2.35 0.11 0.97 -  0.71 -  -  -  0.17 
P92 -   Bal 8.9 0.23 0.38 -  0.43 -  -  -  0.07 
VM12 1.4915  Bal 12 0.28 0.23 1.3 0.2 -  -  -  0.11 
A800HT 1.4959  Bal 20.19 30.2 -  0.087 0.48 0.073 0.53 0.54 0.071 
7RE10 1.4845  Bal 24.28 20.19 0.26 -  1.3 0.17 -  -  0.05 
 
The long-term laboratory exposure test was performed by placing test specimens (rings) on a gas 
permeable Al2O3 plate coated with oxy-coal fly ash deposits, and then mounted on an air-cooled 
corrosion probe and placing the probe inside an insulated horizontal tubular furnace. A steady stream of 
synthetic oxy-coal flue gas is passed over the test specimens from below, see Figure 1. The test 
parameters were configured to simulate the entire range of environmental conditions that were used in the 
100 hour pre-corrosion test which are expected to prevail in the superheater/reheater section of the boiler 
from the combustion of pulverized lignite coal from the Lusatia (Lausitz) region of Germany. The flue 
gas compositions and the gas flow rates regulated via a mass flow controller are given in Table 2. 
Corrosion testing was performed for 1900 hours at a temperature of 600°C. To ensure that fresh corrodent 
species were continuously in contact with the metal surfaces, the appropriate oxy-coal ash deposits were 
replenished twice after 200 hours and after 1000 hours. The specimens were weighed and without 
cleaning recoated with fresh ash and placed back into the furnace. Upon completion of the cumulative 
2000-hour tests, the materials samples were weighed, inspected optically and under the light microscope 
to check the scale surface for any flatness, ripples or nodules or whether there is any form of excessive 
attack. Subsequent examination involved microscopic examination to measure remaining wall thickness 
thickness and to determine metal loss by subsurface penetration (e.g., sulfidation, carburization).  
  
 
Fig. 1. Cross section of working tube 
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Table 2. Composition and flow rate of corrosive oxyfuel gas used  
Gas species Conc. [vol%] Flow Rate 
CO2  78.44 9.4 L/Min 
O2  4.68 561.6 cm³/Min 
N2  0.24 28.8 cm³/Min 
SO2 0.04 4.8 cm³/Min 
H2O 16.60 89.5 g/h 
Sum 100  
3. Results and discussions 
3.1. Mass change 
Results of the mass change measurements of the test samples after 100 hours, 200 hours, 1000 hours 
and at the end of the exposure test, 2000 hours are shown in Figure 2. The mass change data indicate 
greater amounts of corrosion of the ferritic steels T24, P92 and VM12-SHC with adhering ash deposits 
typical of the type of oxide fluxing in hot corrosion [9] as opposed to a minimal weight change in the high 
Cr-austenitic alloys Alloy800HT and 7RE10 showing a decrease in the weights due to spalling. The 
weight change was estimated from the following relationship [10]: 
A
WW of  change  Mass    (2) 
where Wf is the final weight in grams, Wo is the initial weight in grams, and A is the original area in 
centimeters squared. 
 
Fig. 2. Mass change of specimens after 2000 hours 
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3.2. Micro-structural examinations 
Figures 3 (a)  (e) show the SEM photomicrographs of a cross section of the tested alloy after 
2000 hours of exposure at 600°C, in a mixture of oxy-coal fly ash and synthetic oxy-coal flue gas 
composition. It is evident that the low Cr-alloy T24 was subjected to significant corrosion whereas the 
high Cr austenitic steels Alloy800HT and 7RE10 developed a thin oxide scale of approximately 1  2 μm 
and experienced minimal corrosive attack. P92 and VM12-SHC (Figures 3 (c) and (d)) show duplex 
oxide scales which is typical of ferritic steels [8]. The oxide scales in VM12-SHC is somewhat porous 
with an ash reactive zone. Point analysis were carried out at various locations of the SEM cross sections 
to determine the product and penetration of corrosion. The results are presented in Figure 4. 
 
(a)  (b)   
  
(c) (d)   
 
(e)  
Fig. 3. SEM micrographs of tested alloys (a) 7RE10 (b) A800HT (c) VM12 (d) P92 (e) T24 
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Figures 4 (a)  (e) show the results from point analysis of the oxide scales of the exposed material 
specimens. As can be seen in Figures 4 (a), the alloy 7RE10 shows good properties with mainly Cr, Fe 
and O in its oxide scale indicating possible formation of protective Cr2O3 scales. Alloy 800HT shows 
similar characteristics to 7RE10 but with Ni in the oxide scale reflecting the high nickel content in the 
material. The high Cl-content observed in the scale of Alloy800HT is possibly from the embedding 
material from material preparation and not a product of corrosion. The material T24 (Figure 4 (e)) showed 
very high amounts of sulfur in the oxide scale indicating inward penetration of sulfur in the material. 
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Fig. 4. Results from point analysis of the oxide scales (a) 7RE10 (b) A800HT (c) VM12 (d) P92 (e) T24 
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4. Summary 
The fireside corrosion behavior of selected superheater alloys under oxy-coal combustion atmosphere 
was presented in this paper. Long-term exposure tests after 2000 hours at a 
temperature of 600 °C in simulated oxy-coal gases coated with oxy-coal fly ash deposits indicate, 
significant corrosion of the low Cr-alloy T24 with inward penetration of sulfur into the base material 
resulting from the high sulfur content in the oxy-coal atmospheres. The high austenitic alloys 7RE10 and 
Alloy 800HT both showed good corrosion performance probably due to the fact that these materials were 
tested below their respective creep and operating temperatures. It would be interesting to see how these 
alloys perform above 650 °C. The alloys VM12-SHC and P92 (9-12%-Cr) steels revealed typical 
characteristics of ferritic steels with duplex oxide scales and a reactive ash zone.  
Although sulfur penetration of some alloys was observe (sulfidation), no uptake of carbon 
(carburization) by the materials was observed suggesting the high CO2 content in the oxy-coal flue gas 
did not result in an increase in corrosion.  
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